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HIGHLIGHTS

• Developing an infrared annealing system to achieve efficient annealing of perovskite films within 20 s.

• Fully blade-coated perovskite modules achieved remarkable efficiencies of 22.03% (6 × 6  cm2, active area: 18  cm2) and 20.18% (10 × 10 
 cm2, active area: 56  cm2)

ABSTRACT Currently, perovskite 
solar cells have achieved commend-
able progresses in power conversion 
efficiency (PCE) and operational sta-
bility. However, some conventional 
laboratory-scale fabrication methods 
become challenging when scaling 
up material syntheses or device pro-
duction. Particularly, the prolonged 
high-temperature annealing process 
for the crystallization of perovskites requires a substantial amount of energy consumption and impact the modules’ throughput. Here, we report 
a modified near-infrared annealing (NIRA) process, which involves the excess  PbI2 engineered crystallization, efficiently reduces the preparation 
time for perovskite active layer to within 20 s compared to dozens of min in conventional hot plate annealing (HPA) process. The study showed 
that the incorporated  PbI2 promoted the consistent nucleation of the perovskite film, leading to the subsequent rapid and homogeneous crystal-
lization at the NIRA stage. Thus, highly crystalized perovskite film was realized with even better crystallization performance than conventional 
HPA-based film. Ultimately, efficient perovskite solar modules of 36 and 100  cm2 were readily fabricated with the optimal PCEs of 22.03% and  
20.18%, respectively. This study demonstrates, for the first time, the successful achievement of homogeneous and high-quality crystallization in 
large-area perovskite films through rapid NIRA processing. This approach not only significantly reduces energy consumption during production, 
but also substantially shortens the manufacturing cycle, paving a new path toward the commercial-scale application of perovskite solar modules.
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1 Introduction

The lead halide perovskites have emerged as promising can-
didates for efficient and cost-effective photovoltaic mate-
rial [1–3]. Currently, the commercialization of perovskite 
solar cells (PSCs) has gained significant momentum in the 
renewable energy sector [4, 5]. However, for large-area per-
ovskite film fabrication, following the rapid solvent removal 
achieved through vacuum-flash evaporation or air-knife 
assisted techniques, thermal annealing must be precisely 
controlled for the final high-quality and uniform crystal-
lization. The conventional thermal annealing process has 
drawn significant concern due to its time-consuming nature, 
expensive equipment requirements, and high energy con-
sumption, which is the key bottleneck for large-scale prepa-
ration and throughput. Almost all high-performance PSCs 
with power conversion efficiencies exceeding 22% heavily 
rely on the conventional heat conduction method at tem-
peratures > 100 °C for over 10 min. While, when scaling up 
the perovskite solar modules (PSMs) toward the industriali-
zation, this process generally based on hot-plates become 
more and more difficult to implement for the controllable 
homogeneous crystallization besides energy and time con-
sumptions [6, 7].

Reports have presented alternative techniques, such as 
microwave radiation annealing (MAP), intense pulse anneal-
ing (IAP) or near-infrared radiation annealing (NIRA), to 
facilitate the rapid preparation of perovskite thin films within 
seconds to minutes [8–10]. Among them, the NIRA anneal-
ing, typically utilizing near-infrared light with wavelengths 
ranging from 780 to 1400 nm, exhibits promising in enhanc-
ing the efficiency of energy transfer due to its simultaneous 
utilization of multiple heat transfer pathways including heat 
conduction, radiation and convection. This technology was 
pioneered by Watson et al. in 2015 to prepare a perovskite 
solar cell in an area of 0.1  cm2 with the efficiency of 10.7% 
by reducing the film annealing time to 2.5 s [11]. Subse-
quently, in 2019, Sandy Sanchez et al. further reduced the 
preparation time of perovskite films to 1.2 s through infra-
red fast heat treatment process combined with spin coating 
technology, and successfully prepared a perovskite single 
cell (aperture area of 0.09  cm2) with an efficiency of over 
18% [12]. In the same year, Bosky Sharma et al. established 

a continuous heat treatment platform by using near-infrared 
radiation annealing technology and realized the production 
mode of roll-to-roll, which provided a new idea for indus-
trialization in PSMs [13].

However, as the perovskite films are prepared from solu-
tion, commonly the precursors start to nucleate when the 
solvent reaches the supersaturation limit under vacuum-flash 
conditions, while then experience the rapid crystallization 
and phase transition during the NIRA annealing process 
due to the lack of the prolonged crystal growth (also called 
Ostwald ripening) [14, 15]. As a result, the quality of as-
produced perovskite films cannot be guaranteed. Previous 
studies have demonstrated that obtaining a sufficient number 
of uniformly distributed nuclei and their subsequent close 
interconnection, during the nucleation stage of perovskite, 
is crucial for enhancing the crystalline quality of perovskite 
thin films [16, 17]. Notably, it has been reported that excess 
 PbI2 can effectively regulate crystal quality, reduce J-V hys-
teresis, and increase the photostability [18, 19]. Therefore, 
when using NIRA thermal treatment, an appropriate strat-
egy to balance nucleation and accelerate the crystallization 
process during perovskite film preparation is crucial for 
ensuring optimal crystal growth, especially in the context 
of large-scale commercial production [20].

In this study, a compositional engineering strategy 
together with the design and development of NIRA equip-
ment was proposed and implemented to control the crystal-
lization of perovskite films in large areas through the NIRA 
thermal treatments within 20 s. By optimizing the content of 
excess lead iodide  (PbI2) in precursors to modify the homo-
geneous nucleation in the vacuum-flash stage and rapid crys-
tallization during the NIRA, the growth of large-scale per-
ovskite film with high crystallinity were well manipulated. 
Correspondingly, the 36 and 100  cm2 modules fabricated via 
NIRA achieved the remarkable efficiencies of 22.03% and 
20.18%, respectively, thanks to the creation of breakthrough 
large-area films with exceptional quality. Furthermore, the 
large-area modules maintained 1000 h of T90 stability under 
ISOS-L-1 testing conditions. This insight offers a new per-
spective for cost reduction and efficiency enhancement in 
device manufacturing, holding significant potential for wide-
spread applications in the field of optoelectronic devices.
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2  Experimental Section

2.1  Materials

Cesium iodide (CsI), lead chloride  (PbCl2), spiro-OMeTAD, 
PTAA, and FK-209 Co (III) TFSI salt were sourced from 
Xi’an Polymer Light Technology Corp. Lead iodide  (PbI2) 
and formamidinium iodide (FAI) were purchased from 
TCI Chemicals.  FcPF6 was obtained from Aladdin, while 
bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI) was 
acquired from Alfa Aesar and Sigma-Aldrich. Chloroben-
zene (CB, 99.9%) and N-methylpyrrolidone (NMP, 99.5%) 
were supplied by Alfa Aesar, and 4-tert-butylpyridine (t-BP) 
was purchased from Advanced Election Technology Co.

2.2  Precursor Preparation and Devices Fabrications

2.2.1  Precursor Preparation

The  FA0.90Cs0.10PbI3 solution was prepared from a precursor 
solution containing CsI (0.10 mmol), FAI (0.90 mmol),  PbI2 
(1.00 mmol), and dimethylformamide (DMF, 600 μL), with 
additives of MACl (20 mg),  PbCl2 (10 mg) and N-methyl-
2-pyrrolidone (NMP, 96 μL). For the excess X%-PbI2, an 
additional X × 1.0 mmol of  PbI2 was added to the precursor 
solution and stirred for 2 h as the perovskite precursor. The 
hole transport layer solution contains 1 mL chlorobenzene, 
90 mg spiro-OMeTAD, 4.0 mol% acetonitrile solution of 
Li-TFSI, 20 µL t-BP, and 1.0% mol  FcPF6. The mixture was 
shaken and mixed for 10 min before use.

2.2.2  Devices Fabrications

The schematic diagram of the laser scribing technology used 
for series connection of PSMs is shown in Fig. S1. The FTO 
substrate was treated with ozone for 15 min, and a compact 
 ZnTiO3 layer was deposited by spray pyrolysis at 450 °C. 
After cooling down to room temperature,  SnO2 nanopar-
ticles:  H2O = 1:3 solution was further blade-coated as the 
electron transport layer [21].  FA0.9Cs0.1PbI3 was used as the 
perovskite material, and the perovskite film was fabricated 
through a blade coating and vacuum-flash processing. The 
entire procedure was conducted within a  N2-filled glove 
box, with the temperature controlled at (20 ± 1) °C and the 

relative humidity stabilized maintained at RH (25 ± 1)%. In 
the blade coating process, the substrate with the electron 
transport layer was positioned under a fully automated blade 
coater with precisely adjusted height. For the 36-cm2 sub-
strates, the coating parameters were set as follows: initial 
blade speed of 1.6 mm  s−1, a 20-mm constant speed coat-
ing section, followed by a 40-mm variable speed section 
with an acceleration of 0.05 mm  s−2. For the larger 100-
cm2 substrates, the initial speed remained at 1.6 mm  s−1, 
with a 33-mm constant speed section and a 67-mm variable 
speed section at the same acceleration rate. Immediately 
after blade coating, the wet films were transferred into a 
vacuum chamber where the pressure was rapidly reduced 
from atmospheric pressure to 10 Pa within 1 min, followed 
by a 10-s holding period at this vacuum level. Finally, the 
perovskite films were annealed using either NIRA or HPA. 
Then, the substrate was quickly transferred into the NIRA 
chamber, of which the output power was set at 4 KW  m−2 
with a treatment duration of 20 s. The control group adopted 
the HPA method was heated at 150 °C for 60 min.

Spiro-OMeTAD was used as the hole transport materials. 
Gold was used as counter electrode material and prepared by 
hot evaporation method with a thickness of 80 nm. Specific 
steps for the solar modules were additionally used as fol-
lows: P2 and P3 channels was fabricated using a laser scrib-
ing machine to realize the sub-cell interconnection.

2.2.3  Modules Encapsulation

The peripheral regions of the large-area perovskite films 
were trimmed using laser scribing to remove excess mate-
rial. Subsequently, an encapsulant layer of polyisobutylene 
(PIB) and a cover glass were applied onto each module. 
Finally, the assembled device was placed in a vacuum hot-
press machine to laminate the module with the cover glass, 
maintaining a temperature of 90 °C for 10 min during the  
pressing process (Fig. S2).

2.3  Characterization

X-ray diffraction (XRD) patterns were obtained using a 
Thermo Scientific ARL EQUINOX 3500 X-ray diffractom-
eter equipped with a Cu Kα radiation source. The optical 
absorptions of perovskite solutions were determined using 
a UV–vis spectrophotometer (LAMBDA  1050+). External 
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quantum efficiency (EQE) spectra were recorded using an 
Enlitech QE-R measurement system. The morphology was 
observed with a field-emission scanning electron microscope 
(SEM, Zeiss GeminiSEM500). Photoluminescence (PL) 
mapping was conducted using a laser Raman microscope 
(RAMAN-11, Nanophoton). Time-resolved PL (TRPL) 
spectra were acquired with an Edinburgh Instruments 
FLS1000 spectrometer. X-ray photoelectron spectroscopy 
(XPS) and ultraviolet photoelectron spectroscopy (UPS) 
analyses were carried out using an Escalab Xi + spectrome-
ter (Thermo Fisher Scientific). Current–voltage (J-V) charac-
teristics of the devices were measured using a Keithley 2400 
source measure unit equipped with a Class AAA solar simu-
lator (450 W xenon lamp, Newport 94023A). The infrared 
thermal imageries were measured by HM-300X industrial 
thermal imager from Guangzhou sat infrared technology co. 
ltd. The incident photon-to-current efficiency (IPCE) was 
determined using an automated Newport 66,902 measure-
ment system equipped with a 100-W xenon light source, a 
monochromator for wavelength selection. Data acquisition 
was performed in direct current (DC) mode. The maximum 
power point (MPP) tracking was performed on a Multi-
Channels Solar Cells Stability Test System from Wuhan 
91PVKSolar Technology Co. Ltd., China. For continuous 
operational stability measurements (ISOS-L-1 protocol), 
the photovoltaic modules were maintained in ambient air 
at 60% ± 10% relative humidity. The backside temperature 
was stabilized at 25 °C using a cooling plate. The modules 
were subjected to AM 1.5G equivalent illumination using a 
solar simulator LED array without UV filtering, while a con-
stant bias voltage corresponding to the initial MPP voltage 
was applied. The test system automatically adjusted the bias 
voltage every 24 h to compensate for performance changes. 
A multi-channel maximum power point tracking (MPPT) 
system continuously monitored the module performance 
under persistent illumination, with active thermal manage-
ment provided by a recirculating cooling system. The aging 
test under 85 °C and 85% RH was conducted in a solar cell 
reliability test system (K3600, McScience). The transient 
reflection (TR) spectroscopy setup is powered by a Ti: sap-
phire laser amplifier (PHAROS-20W), which can generate 
1028 nm pulse train with a temporal pulse width of < 290 fs 
and with a repetition frequency of 500 kHz. A branch of the 
fundamental beam was introduced into an optical parametric 
amplifier (TP-OR-ORPHEUS-HP) to produce the monochro-
matic pump pulses with different wavelengths. The pump 

pulses were then chopped at the frequency of 4900 Hz by an 
optical chopper. The pump pulse energy was attenuated by 
neutral density filter wheels. Another branch of the 1028 nm 
beam was attenuated and focused into sapphire crystals to 
generate the broadband probe pulses in the visible and near-
infrared regions (500–950 and 1190–1660 nm). The time 
delay between the pump and probe pulses was controlled by 
a motorized translation stage. The pump and probe pulses 
were focused on the same spot of the sample. The focal size 
of the pump was adjusted intentionally to be much greater 
than that of the probe so that the excitation density in the 
probing area was homogenous. The incident angle of the 
probe beam was 45 degrees. The reflected probe pulses were 
sent into to the visible or near-infrared spectrometers.

3  Results and Discussion

3.1  Uncovering the NIRA‑Induced Peculiar 
Crystallization of Perovskite Films

In order to verify the feasibility of NIRA in the prepara-
tion of perovskite films, the home-made NIRA equipment 
with uniform irradiation was designed and produced (as in 
Fig. S3), and then compared with the conventional HPA 
facility in heat employments. As illustrated in Fig. 1a, the 
NIRA facilitates the efficient concurrent thermal employ-
ment through the three kinds of energy transfer mecha-
nisms: conduction, radiation, and convection [5, 22]. This 
approach mitigates the disadvantages associated with the 
single conduction mode of HPA, which can lead to uneven 
heat transfer, reduced efficiency, and energy wastage. While 
IR annealing demonstrates significant advantages for rapid 
large-area perovskite film fabrication, scaling up the film 
size introduces challenges in maintaining uniform thermal 
radiation, precise atmosphere control, and consistent tem-
perature distribution across the substrate. To address this, 
our infrared chamber with reflective components and a semi-
closed configuration could enhance heat distribution uni-
formity for mini-module fabrication (Fig. 1b). The modified 
NIRA system features an innovative semi-closed chamber 
design that incorporates a four-point edge support system to 
actively counteract temperature gradients. For the prepara-
tion of larger-sized perovskite films in industrial-scale pro-
duction, it is undoubtedly possible to use the aforementioned 
strategy to achieve uniformity in annealing treatment and 
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consistency in film crystallization across a large area. All 
the perovskite films’ preparations in this study were carried 
out by the blade coating process followed by vacuum-flash 
treatment. A series of heating durations (16, 18, 20, and 22 
s) were used to anneal the perovskite films by NIRA. The 
samples were named as NIRA 16 s, NIRA 18 s, NIRA 20 s, 
and NIRA 22 s, respectively, and the films were compared 
with the conventional HPA for 60 min (the sample named 
as HPA 60 min). The Uv–vis spectra, XRD, steady-state PL 
and TRPL analyses were conducted to determine the optimal 
annealing time for the film under infrared treatment.

The irradiation spectrum of the NIR lamp is shown in Fig. 
S4. By monitoring the surface temperature of FTO under 
NIRA (measured by wire thermocouples), the heating curves 
of this heating method can be obtained, as shown in Fig. 1c. 
It can be found that up to 300 °C was rapidly achieved for 
20 s when using the output power density of 4 KW  m−2 of 
NIRA. The results demonstrated that the NIRA is theoreti-
cally feasible to provide enough energy for the crystallization 
or phase transition of perovskite films within a short time. 
The absorption spectra (Fig. 1d) indicated that the optimal 
annealing duration of NIRA was 20 s, and exhibits poorer 
crystallinity when compared with the conventional HPA, 
that is, weaker light absorption. The results were consist-
ent with the XRD patterns and PL characterization results 
(Fig. 1e-g). The crystallization evolution of the perovskite 
films can be well observed from the XRD patterns. Incom-
plete crystallization of the precursor film presented when 
the NIRA annealing time of 16 s, showing as the coexisted 
perovskite phases and  PbI2-NMP complex (marked with 
*) with diffraction peak at 9.4° [23]. With increasing the 
annealing time to 22 s, the intermediate  PbI2-NMP complex 
phase vanished while additional  PbI2 phase (marked with #) 
with diffraction peak at 12.7° becomes observable, attrib-
uted to the degradation of perovskite caused by prolonged 
irradiation and elevated temperatures [24]. The evolution of 
the films was consistent with the appearance and color for 
various near-infrared exposure time (Fig. S5). Further, the 
steady-state PL spectra as in Fig. 1f display the strongest 
emission at the wavelength of 805 nm in the NIRA 20 s film, 
while the blue shift in the NIRA 22 s film can be resolved, 
which is attributed to the presence of  PbI2, although all the 
NIRA-films exhibit less intensities in emission than that of 
the HPA 60-min film. The TRPL lifetime graph exhibits a 
similar trend (Table S1). Therefore, the optimal NIRA dura-
tion was 20 s.

The preliminary results demonstrated that the direct 
application of NIRA is obviously not suitable for the 
preparation of high-quality perovskite films with the same 
quality as HPA. The surface morphology characterization 
indicated that the NIRA processed perovskite film has a 
reduced grain size film with obvious defects when com-
pared with the film by HPA (Fig. S6). It also indicated 
that the conventional vacuum-flash processed film might 
not be suitable for direct NIRA considering its special 
thermal energy transfer mode. This is because the film 
just after vacuum-flash processing is mainly in an inter-
mediate phase, and its insufficient nucleation sites makes 
it impossible for the film to quickly absorb infrared light 
in a short time, and then convert it into heat to complete 
crystallization [25, 26]. Most important, the uneven nucle-
ation characteristics also result in the film being unable to 
crystallize uniformly within a short period of time, while 
the long-term NIRA would cause partial decomposition of 
the perovskite film. In this regard, excess  PbI2 (with dif-
ferent concentrations of X = 5%, 10%, and 15%, marked as 
X-PbI2) was proposed and added to the perovskite precur-
sor to promote the rapid homogeneous nucleation, increase 
the thermal energy absorption at the initial stage, and the 
subsequent fast crystallization within a few tens of seconds 
by NIRA.

3.2  PbI2‑modified Crystallization in NIRA for Improved 
Film Quality

Firstly, we conducted a screening to determine the optimal 
addition amount of  PbI2. From the XRD patterns in Fig. S7, 
it can be observed that the diffraction intensity related to the 
perovskite films under NIRA enhances with the introduction 
of  PbI2. Notably, the film grown with 10%-PbI2 addition 
exhibits superior crystallinity, while the utilization of 15%-
PbI2 results in the emergence of a  PbI2 diffraction peak at 
12.6°. Further, the steady-state PL spectra shown in Fig. 
S8 confirm that the film with 10%-PbI2 achieves a higher 
fluorescence intensity even compared with that in the HPA 
film, whereas the blue shift observed in the 15%-PbI2 film 
is attributable to the extra  PbI2. In conclusion, together with 
the SEM morphology analysis shown in Fig. S9, an addition 
of 10%-PbI2 can be determined as the optimal concentration 
to grow high-quality perovskite films under NIRA condi-
tions. Based on the optimal film quality of perovskite with 
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10%-PbI2, the manipulation effects of  PbI2 on the nucleation 
and crystallization of perovskites under NIRA is proposed 
in Fig. 2a. Specifically, the precursors for 0%-PbI2 and 10%-
PbI2 films have been designated as pre-0%-PbI2 and pre-
10%-PbI2, respectively. For 0%-PbI2 precursor films, the 
nucleation process generally is spontaneous and the nuclea-
tion consistency is poor during the vacuum-flash process, 
which is not conducive to the rapid NIR absorption and 
crystallization of the film during the NIRA stage, resulting 

in pinholes and low crystallinity. When introducing the addi-
tional  PbI2 in the precursor, the excess  PbI2 would act as the 
initial nucleation point and promote the uniform nucleation 
during the vacuum-flash process, so that the grains of the 
film can be uniformly rapidly matured and crystallized dur-
ing the NIRA process.

To reveal the effect of excess  PbI2 on the nucleation and 
crystallization process of perovskite film, the in situ trans-
mittance was firstly performed to monitor the transparency 

Fig. 1  Feasibility examination on preparation of perovskite films by NIRA. a Schematic diagrams of heat transfer to perovskites based on NIRA 
and HPA methods. b Internal light source and structural diagram of NIRA equipment. c Temperature variation of NIRA and HPA processes 
(under 150 °C) as a function of time. d Uv–vis spectra, e X-ray diffraction (XRD) patterns, f Steady-state photoluminescence fluorescence inten-
sities, and g the time-resolved photoluminescence (TRPL) spectra of NIRA and HPA annealed perovskite films
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of the blade-coated films during the vacuum-flash treatment 
(Fig. 2b) [27]. Compared to the 0%-PbI2 sample (Fig. S10), 
the 10%-PbI2 film exhibited accelerated transmittance over 
time. The normalized transmittance curves derived from in 
situ measurements are presented in Fig. 2c. Simultaneously, 
the nucleation performance of perovskite precursors with 
and without  PbI2 modification during the vacuum-flash treat-
ment was examined under the optical microscope in Fig. 2d, 
e. The results indicated that the 0%-PbI2 sample exhibits 
a continually emerged nuclei and distinct grain structures 
within 8 s. In contrast, the sample treated with 10%-PbI2 
shows less nuclei and smaller and denser grains when within 
8 s, but shows a noticeable enhanced rapid and homogeneous 

nucleation after 12 s. Therefore, it can be evidenced that the 
excess  PbI2 indeed has modified the nucleation process, and 
the evolution was consistent with the transmittance of the 
film: At the first stage (Stage I) within 8 s, the nucleation has 
been suppressed for the 10%-PbI2 precursor film due to the 
stoichiometric imbalance induced by the additionally  PbI2, 
exhibiting as the higher transmittance in comparison with 
the 0%-PbI2 film. At the second stage (Stage II) over 10 s, 
rapid and homogeneous nucleation occurs instantaneously 
by the assistance of excess  PbI2 when the solvent has been 
basically evaporated by the vacuum-flash treatment. As a 
result, the transmittance of the sample decreases rapidly at 

Fig. 2  Nucleation and crystallization analysis of perovskite films. a Schematic illustration of the nucleation and crystallization process of per-
ovskite films prepared from a 10%-PbI2 precursor solution under NIRA and HPA conditions. b Pattern of transmittance detection schematic and 
c normalized transmittance curve of in situ transmittance detection. Nucleation process of d 0%-PbI2 and e 10%-PbI2 perovskite wet films under 
optical microscope
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this stage, which will be more conducive to the subsequent 
absorption of infrared light and crystallization.

To verify the above hypothesis, we designated the vac-
uum-flash treatment perovskite films as the intermediate 
phase and the annealed-treated films as α-FACsPbI3. The 
temperature–time curve for NIRA-annealed films is shown 
in Fig. S11. Subsequently, we characterized both 0%-PbI2 
and 10%-PbI2 samples through SEM and XRD measure-
ments. Much uniform grains were observed from the 10%-
PbI2 sample film, demonstrating the improved homogeneous 
nucleation, in comparison with the less-dense and nonuni-
form intermediate film morphology for the 0%-PbI2-based 
film (Fig. 3a, b). The higher intermediate phase diffraction 
and weaker perovskite peak shows good consistency with the 
morphology of the 10%-PbI2 sample film when compared 
with the 0%-PbI2-based film (Fig. 3c).

In comparison with the control film (0%-PbI2) showing 
numerous defects and prominent voids, the  PbI2 engineered 
film (10%-PbI2) obtained a more compact and large crystal-
line structure, as shown in Fig. 3d, e. Apparently, the film 
underwent rapid Ostwald ripening during the NIRA pro-
cess, which is manifested as a larger grain structure [28, 
29]. The stronger diffraction peak at 14.8° compared to the 
0%-PbI2 sample also demonstrated the higher crystallinity 
(Fig. 3f), which is consistent with the above surface SEM 
morphology. The AFM characterization (Fig. S12) reveals 
that the 10%-PbI2-modified perovskite film exhibits signifi-
cantly reduced surface roughness (23 nm) compared to the 
0%-PbI2 film (42 nm), along with markedly fewer pinholes, 
demonstrating improved film morphology. Additionally, the 
cross-sectional SEM images (Fig. S13) demonstrate that, 
under NIRA treatment, the 10%-PbI2 sample exhibits fewer 
defects at the grain boundaries and larger grain sizes com-
pared to the 0%-PbI2 sample.

Notably, the utilization of optimal excess  PbI2 was not 
detected by SEM and XRD, possibly due to the formation 
of an extremely thin  PbI2 passivation layer that was below 
the resolution limit. The higher surface sensitive technique 
of XPS was employed to quantitatively analyze the I/Pb 
ratio (Fig. S14 and Table S2). In the  ABX3 structure of 
perovskites, the ideal stoichiometric ratio of I to Pb is 3:1, 
whereas in 10%-PbI2 excessed perovskite  (AB1+0.1X3+0.2), 
the calculated ratio of I to Pb is 2.9:1. The trend of reduced 
I to Pb ratio at the surface is consistent with our estimation 
of a thin-layer  PbI2 coverage on the perovskite surface. The 
UPS characterization was performed on both bottom and top 

surfaces of 10%-PbI2 perovskite films to investigate energy 
level alignment. As shown in Fig. 3g, h, the secondary elec-
tron cutoff region (left panel) and valence band region near 
the Fermi edge (right panel) demonstrate a Fermi level shift 
from 4.48 eV at the bottom surface to 4.80 eV at the top 
surface. This gradient energy level alignment, attributed to 
surface accumulation of  PbI2 and its p-type doping effect, 
creates a favorable built-in electric field that facilitates effi-
cient hole transport toward the top contact while suppressing 
charge recombination at interfaces. The surface-specific  PbI2 
passivation layer, while too thin to be detected by XRD or 
SEM, significantly modifies the interfacial energetics with-
out compromising bulk optoelectronic properties. Thus, the 
energy levels for the perovskite related interface within the 
device can be schematically illustrated as in Fig. 3i. The 
modified Fermi level of the perovskite surface was further 
verified by Kelvin probe force microscopy, shown as the 
increased surface contact potential (SP), accompanied by the 
reduced surface roughness for the 10-PbI2 film (Fig. S15).

In order to verify the effect of the  PbI2-induced inter-
face on the charge transport performance of the device, 
the nanosecond transient absorption spectroscopy (ns-TA) 
was conducted to probe the charge carrier dynamics in the 
10%-PbI2 NIRA processed perovskite film (10%-PbI2), in 
comparison with the 0%-PbI2 NIRA-treated film. The results 
were displayed in the pseudo-color images of the TR spectra 
(ΔT/T) of Fig. 3j, k. More information concerning measure-
ments can be found in the Supplementary information sec-
tion. A much slower decay rate in the 10%-PbI2 perovskite 
film than that of the 0%-PbI2 NIRA-treated film in Fig. 3i 
suggests the effective defects passivation in this film through 
 PbI2, thereby increasing the carrier lifetime [30, 31]. Moreo-
ver, time-resolved terahertz (tr-THz) was conducted to com-
pare the carrier mobility of 10%-PbI2 perovskite films. As 
shown in Fig. S16a, 10%-PbI2 perovskite films exhibit same 
THz transmission due to their similar preparation condition. 
In the pump-THz probe delay of 50 ps, 10%-PbI2 perovskite 
film exhibits much higher transition electronic field change 
than that in the 0%-PbI2-based film (Fig. S16b). At 50 ps 
after the excitation, the rate of terahertz electric field change 
(DE) of 10%-PbI2 perovskite film is larger than that of 
0%-PbI2 sample (360.99 vs. 142.49 V/cm at 0 THz). These 
results indicate that  PbI2 layer on the perovskite’s upper sur-
face can passivate crystal defect ion and enhance the carrier 
mobility, which further improve the device efficiency.
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Fig. 3  Growth and quality analysis of 10%-PbI2 perovskite films under NIRA and HPA conditions. SEM images of perovskite mesophase films 
of a 0%-PbI2 and b10%-PbI2 samples. SEM images of perovskite films of d 0%-PbI2 and e 10%-PbI2 samples after HAP and NIRA annealing 
processes. XRD pattern of 0%-PbI2 and 10%-PbI2 Perovskites films in c mesophase and f α-FACsPbI3.The UPS spectra of g Bottom and h Top 
perovskite films for 10%-PbI2 sample. i Schematic diagram of energy levels. TA spectra of the j 0%-PbI2 and k 10%-PbI2 perovskite films. l Nor-
malized decay kinetics at 780 nm in TA spectroscopy of the 0%-PbI2 and 10%-PbI2 perovskite films
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3.3  Application of NIRA for Efficient Perovskite Solar 
Modules

To verify the application of NIRA in the preparation of 
large-area perovskite films and high-efficiency modules, 
the 10 × 10  cm2 size perovskite film was fabricated and the 
uniformity was evaluated by the characterization of nine 
equal sections, as shown in Fig. 4a. The UV–Vis spectra 
of the perovskite films in Fig. 4b indicated a consistent 
cutoff wavelength in terms of absorbance. The steady-state 
PL (Fig. 4c) demonstrates that the fluorescence intensity 

across the whole surface is almost identical, which can be 
more intuitively observed from the PL mapping images in 
Fig. 4d. The slightly dim luminescence observed at loca-
tions L-2 may be attributed to the accumulated liquid residue 
during the blade coating process. As a contrast, besides the 
region L-2, an even darker region at L-5 within the HPA 
film’s center in Fig. S17 can be resolved, which is likely 
due to uneven crystallization during HPA, where the crystal 
growth from the edges toward the center results in increased 
stress at the film’s central position, leading to poorer crystal-
lization in that area. The SEM images of the NIRA-treated 

Fig. 4  Uniformity verification of 10%-PbI2 perovskite films by NIRA. a Photograph of a 10 × 10  cm2 perovskite film. b Uv–vis spectra, c aver-
age steady-state photoluminescence fluorescence intensity, d the steady-state PL mapping and e XRD patterns of nine regions in perovskite films 
fabricated by NIRA process
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Fig. 5  Performance and stability of NIRA-PSMs. a 0%-PbI2 and b 10%-PbI2 PSC module electroluminescence (EL) images. c Champion PCE of small-area per-
ovskite solar cells. d Reverse scanned J–V curves of the 6 × 6  cm2 and 10 × 10  cm2 10%-PbI2 devices based on NIRA, with the cross-sectional SEM image in the 
inset. e Operational stability of the 0%-PbI2 and 10%-PbI2 PSCs under MPPT, AM 1.5 G, 100 mW  cm−2 continuous illumination in an air atmosphere. f Storage 
stabilities of encapsulated PTAA-based 0%-PbI2 and 10%-PbI2 devices at 85 °C in 85%-RH air
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perovskite films reveal uniform morphology across different 
regions (Fig. S18), with consistent grain sizes, confirming 
homogeneous crystallization induced by NIRA [32, 33]. And 
the results were consistent with the recorded XRD patterns 
from the nine areas (Fig. 4e). Obviously, the  PbI2-modified 
novel nucleation and rapid crystallization by NIRA is more 
conducive to the preparation of higher quality large-area 
perovskite films.

The n-i-p PSMs in size of 6 × 6 and 10 × 10  cm2 with 
device structure of FTO/ZTS/SnO2/Perovskite/Spiro-
OMeTAD/Au were fabricated and tested under simulated 
1 sun illumination at an intensity of 100 mW  cm−2 (AM 
1.5 spectrum) [21, 34]. The fabricated modules exhibit a 
geometric fill factor (GFF) of 95.60% as shown in Fig. 
S19. The bright and uniform electroluminescence (EL) 
image of Fig. 5a, b demonstrated that the fabricated 10%-
PbI2 PSMs has a remarkable uniform carrier transporting 
and device working states, which should be benefited from 
the homogeneous and highly crystalized perovskite film 
through the  PbI2 engineered NIRA [35, 36]. The result is 
also consistent with the subsequent infrared thermal imag-
ing (Fig. S20) when the module driven under a reverse 
bias, showing as the relative uniform without resolvable 
hot spots [37]. Based on the uniform crystallization of 
high-quality perovskite films by  PbI2 engineering in the 
NIRA, a notable photovoltaic conversion efficiency of 
24.33% was attained in the typical small-area devices 
(0.12  cm2) as shown in Fig. 5c (Table S3) [38, 39]. The 
integrated current densities from IPCE spectra (Fig. S21) 
are 23.55 and 24.17 mA  cm−2 for 0%-PbI2 and 10%-PbI2 
devices, respectively, which agree well with the Jsc values 
obtained from J-V measurements (within ~ 5% deviation). 
As shown in Fig. S22a, the 10%-PbI2 device exhibited a 
significantly lower dark current compared to the 0%-PbI2 
device under dark conditions. The defect density of the 
perovskite films was quantitatively assessed using space 
charge-limited current (SCLC) analysis (Fig. S22b). The 
trap-filled limit voltages (VTFL) derived from the dark 
condition J-V curves were recorded at 0.85 and 0.62 V 
for the 0%-PbI2 and 10%-PbI2 devices, respectively, cor-
responding to trap densities of 1.15 ×  1016 and 8.39 ×  1015 
 cm−3. This reduction in defect density is attributed to the 
improved crystallinity of the perovskite, which leads to 
fewer defects.

The champion PCE for the PSMs with areas of 36 
 cm2 (active area 18  cm2) and 100  cm2 (active area 56 

 cm2) achieved 22.03% and 20.18%, respectively (Fig. 5d, 
Table S4). The achievement of the 10%-PbI2 NIRA-treated 
modules has demonstrated outstanding performance advan-
tages in current blade-coated PSMs as summarized in Fig. 
S23 and Table S5. The observed hysteresis in the devices 
primarily stems from the absence of additional surface pas-
sivation, an experimental strategy designed to unambigu-
ously elucidate the specific role of 10%-PbI2 in modulat-
ing perovskite crystallization dynamics and device stability 
without confounding effects. This approach also establishes 
a foundation for future exploration of diverse passivation 
strategies. Additionally, the J-V curves of perovskite mod-
ules fabricated with HPA treatment compared to those with 
0%-PbI2, 5%-PbI2, and 15%-PbI2 NIRA treatment are pre-
sented in Fig. S24 (Table S6), demonstrating the superior 
performance of 10%-PbI2 modules under optimized NIRA 
processing. It is evident that our NIRA technique can 
achieve one of the highest photovoltaic conversion efficien-
cies for the blade-coated perovskite films. The operational 
stability of the encapsulated PSMs at the maximum power 
point (MPP) (25 ± 10°C, RH 60 ± 10%) is further evaluated 
as shown in Fig. 5e and Table S7. Under the continuous AM 
1.5 G illumination, it was found that the module based on 
the NIRA-treated film with 10%-PbI2 could maintain 90% 
of initial PCE (T90) for 1000 h. Simultaneously, the hydro-
thermal stability was tracked in an aging oven with 85% 
RH at 85 °C, as shown in Fig. 5f and Table S8, the encap-
sulated PSMs maintained 91% (14.56%) of the initial effi-
ciency after 1000h, proving that the 10%-PbI2-based device 
has good light and thermal stability, which is superior than 
the 0%-PbI2-based devices.

4  Conclusions

In summary, a novel thermal treatment technique of NIRA 
together with excess  PbI2 engineering promoted crystalliza-
tion was proposed and demonstrated for producing large-
area high-quality perovskite films and corresponding solar 
modules. This method uses a collaborative mechanism of 
modified nucleation, improved IR absorption and accel-
erated homogeneous crystallization, so that achieving a 
rapid film growth within a short timeframe of dozens of 
seconds (e.g., 20 s). The introduced excess  PbI2 was found 
to be cleverly distributed on the surface of perovskite grains 
after NIRA treatment, further acting as an ideal passivation 
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layer to improve the charges’ transport performance of the 
devices. As a result, champion PCEs of PSMs in the areas 
of 36  cm2 (active area 18  cm2) and 100  cm2 (active area 
56  cm2) were readily achieved by 22.03 and 20.18%, respec-
tively. The NIRA process PSMs also exhibited T90 stability 
under the ISOS-L-1 standard and preserved T91 stability 
under accelerated aging conditions of 85% humidity and 
85 °C for 1000 h. This work provides a universal strategy 
for preparing high-quality perovskite films using the attrac-
tive infrared thermal annealing, showing great application 
prospects in the commercialization of large-area perovskite 
photovoltaics.

Acknowledgements This work was financially supported by China 
Huaneng Group Key R&D Program (HNKJ22-H104), the Sci-
ence and Technology Programs of Fujian Province (2022H0005), 
the Fundamental Research Funds for the Central Universities 
(20720240067).and Technology Projects of Innovation Labora-
tory for Sciences and Technologies of Energy Materials of Fujian 
Province (RD2020020101 and RD2022040601).

Author’s Contribution QC and PH were involved in conceptu-
alization, investigation, methodology, and original draft writing. 
JY, ZZ, and JL were involved in methodology and funding acquisi-
tion. YS, HH, YP, and YY were involved in investigation. ZZ, BW, 
and NZ were involved in review. JY, ZZ, and JL were involved in 
supervision.

Declarations 

Conflict of interest The authors declare no conflict of interest. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 025- 01792-3.

References

 1. E. Aydin, T.G. Allen, M. De Bastiani, A. Razzaq, L. Xu et al., 
Pathways toward commercial perovskite/silicon tandem pho-
tovoltaics. Science 383(6679), eadh3849 (2024). https:// doi. 
org/ 10. 1126/ scien ce. adh38 49

 2. D. Lan, M.A. Green, Combatting temperature and reverse-
bias challenges facing perovskite solar cells. Joule 6(8), 
1782–1797 (2022). https:// doi. org/ 10. 1016/j. joule. 2022. 06. 
014

 3. F. Xu, E. Aydin, J. Liu, E. Ugur, G.T. Harrison et al., Mono-
lithic perovskite/perovskite/silicon triple-junction solar cells 
with cation double displacement enabled 2.0 eV perovskites. 
Joule 8(1), 224–240 (2024). https:// doi. org/ 10. 1016/j. joule. 
2023. 11. 018

 4. L. Wang, G. Liu, X. Xi, G. Yang, L. Hu et al., Annealing engi-
neering in the growth of perovskite grains. Crystals 12(7), 894 
(2022). https:// doi. org/ 10. 3390/ cryst 12070 894

 5. X. Chang, J.-X. Zhong, S. Li, Q. Yao, Y. Fang et al., Two-
second-annealed 2D/3D perovskite films with graded energy 
funnels and toughened heterointerfaces for efficient and dura-
ble solar cells. Angew. Chem. Int. Ed. 62(38), e202309292 
(2023). https:// doi. org/ 10. 1002/ anie. 20230 9292

 6. B. Ding, Y. Ding, J. Peng, J. Romano-deGea, L.E.K. Fred-
eriksen et al., Dopant-additive synergism enhances perovskite 
solar modules. Nature 628(8007), 299–305 (2024). https:// doi. 
org/ 10. 1038/ s41586- 024- 07228-z

 7. X. Zhang, X. Wu, X. Liu, G. Chen, Y. Wang et al., Hetero-
structural  CsPbX3-PbS (X = Cl, Br, I) quantum dots with 
tunable vis-NIR dual emission. J. Am. Chem. Soc. 142(9), 
4464–4471 (2020). https:// doi. org/ 10. 1021/ jacs. 9b136 81

 8. H. Liu, Z. Wu, J. Shao, D. Yao, H. Gao et al.,  CsPbxMn1-xCl3 
perovskite quantum dots with high Mn substitution ratio. ACS 
Nano 11(2), 2239–2247 (2017). https:// doi. org/ 10. 1021/ acsna 
no. 6b087 47

 9. Q. Chen, T. Ma, F. Wang, Y. Liu, S. Liu et al., Rapid micro-
wave-annealing process of hybrid perovskites to eliminate 
miscellaneous phase for high performance photovoltaics. 
Adv. Sci. 7(12), 2000480 (2020). https:// doi. org/ 10. 1002/ advs. 
20200 0480

 10. K. Ankireddy, A.H. Ghahremani, B. Martin, G. Gupta, T. 
Druffel, Rapid thermal annealing of  CH3NH3PbI3 perovskite 
thin films by intense pulsed light with aid of diiodomethane 
additive. J. Mater. Chem. A 6(20), 9378–9383 (2018). https:// 
doi. org/ 10. 1039/ C8TA0 1237G

 11. J. Troughton, C. Charbonneau, M.J. Carnie, M.L. Davies, 
D.A. Worsley et al., Rapid processing of perovskite solar cells 
in under 2.5 seconds. J. Mater. Chem. A 3(17), 9123–9127 
(2015). https:// doi. org/ 10. 1039/ C5TA0 0568J

 12. S. Sánchez, M. Vallés-Pelarda, J.-A. Alberola-Borràs, R. 
Vidal, J.J. Jerónimo-Rendón et al., Flash infrared annealing 
as a cost-effective and low environmental impact processing 
method for planar perovskite solar cells. Mater. Today 31, 
39–46 (2019). https:// doi. org/ 10. 1016/j. mattod. 2019. 04. 021

 13. B. Sharma, S. Singh, S. Pareek, A. Agasti, S. Mallick et al., 
Radiative and conductive thermal annealing of hybrid 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-025-01792-3
https://doi.org/10.1007/s40820-025-01792-3
https://doi.org/10.1126/science.adh3849
https://doi.org/10.1126/science.adh3849
https://doi.org/10.1016/j.joule.2022.06.014
https://doi.org/10.1016/j.joule.2022.06.014
https://doi.org/10.1016/j.joule.2023.11.018
https://doi.org/10.1016/j.joule.2023.11.018
https://doi.org/10.3390/cryst12070894
https://doi.org/10.1002/anie.202309292
https://doi.org/10.1038/s41586-024-07228-z
https://doi.org/10.1038/s41586-024-07228-z
https://doi.org/10.1021/jacs.9b13681
https://doi.org/10.1021/acsnano.6b08747
https://doi.org/10.1021/acsnano.6b08747
https://doi.org/10.1002/advs.202000480
https://doi.org/10.1002/advs.202000480
https://doi.org/10.1039/C8TA01237G
https://doi.org/10.1039/C8TA01237G
https://doi.org/10.1039/C5TA00568J
https://doi.org/10.1016/j.mattod.2019.04.021


 Nano-Micro Lett.          (2025) 17:272   272  Page 14 of 15

https://doi.org/10.1007/s40820-025-01792-3© The authors

organic-inorganic perovskite layer. Sol. Energy Mater. Sol. 
Cells 195, 353–357 (2019). https:// doi. org/ 10. 1016/j. solmat. 
2019. 03. 022

 14. L. Chao, T. Niu, W. Gao, C. Ran, L. Song et al., Solvent engi-
neering of the precursor solution toward large-area production 
of perovskite solar cells. Adv. Mater. 33(14), 2005410 (2021). 
https:// doi. org/ 10. 1002/ adma. 20200 5410

 15. Z. Wu, S. Sang, J. Zheng, Q. Gao, B. Huang et al., Crystalliza-
tion kinetics of hybrid perovskite solar cells. Angew. Chem. 
Int. Ed. 63(17), e202319170 (2024). https:// doi. org/ 10. 1002/ 
anie. 20231 9170

 16. X. Cao, L. Zhi, Y. Li, F. Fang, X. Cui et al., Fabrication of per-
ovskite films with large columnar grains via solvent-mediated 
Ostwald ripening for efficient inverted perovskite solar cells. 
ACS Appl. Energy Mater. 1(2), 868–875 (2018). https:// doi. 
org/ 10. 1021/ acsaem. 7b003 00

 17. W.A. Dunlap-Shohl, Y. Zhou, N.P. Padture, D.B. Mitzi, Syn-
thetic approaches for halide perovskite thin films. Chem. Rev. 
119(5), 3193–3295 (2019). https:// doi. org/ 10. 1021/ acs. chemr 
ev. 8b003 18

 18. Y.C. Kim, N.J. Jeon, J.H. Noh, W.S. Yang, J. Seo et al., Ben-
eficial effects of  PbI2 incorporated in organo-lead halide per-
ovskite solar cells. Adv. Energy Mater. 6(4), 1502104 (2016). 
https:// doi. org/ 10. 1002/ aenm. 20150 2104

 19. T.J. Jacobsson, J.P. Correa-Baena, E. Halvani Anaraki, B. 
Philippe, S.D. Stranks et al., Unreacted  PbI2 as a double-edged 
sword for enhancing the performance of perovskite solar cells. 
J. Am. Chem. Soc. 138(32), 10331–10343 (2016). https:// doi. 
org/ 10. 1021/ jacs. 6b063 20

 20. J.A. Venables, G.T. Spiller, M. Hanbucken, Nucleation and 
growth of thin films. Rep. Prog. Phys. 47(4), 399–459 (1984). 
https:// doi. org/ 10. 1088/ 0034- 4885/ 47/4/ 002

 21. R. He, S. Nie, X. Huang, Y. Wu, R. Chen et al., Scalable 
preparation of high-performance ZnO–SnO2 cascaded electron 
transport layer for efficient perovskite solar modules. Sol. RRL 
6(3), 2100639 (2022). https:// doi. org/ 10. 1002/ solr. 20210 0639

 22. N. Li, X. Niu, L. Li, H. Wang, Z. Huang et al., Liquid medium 
annealing for fabricating durable perovskite solar cells with 
improved reproducibility. Science 373(6554), 561–567 (2021). 
https:// doi. org/ 10. 1126/ scien ce. abh38 84

 23. F. Cheng, X. Jing, R. Chen, J. Cao, J. Yan et al., N-Methyl-
2-pyrrolidone as an excellent coordinative additive with a wide 
operating range for fabricating high-quality perovskite films. 
Inorg. Chem. Front. 6(9), 2458–2463 (2019). https:// doi. org/ 
10. 1039/ C9QI0 0547A

 24. Q. Chang, F. Wang, W. Xu, A. Wang, Y. Liu et al., Ferrocene-
induced perpetual recovery on all elemental defects in perovs-
kite solar cells. Angew. Chem. Int. Ed. 60(48), 25567–25574 
(2021). https:// doi. org/ 10. 1002/ anie. 20211 2074

 25. B. Jiao, Y. Ye, L. Tan, Y. liu, N. Ren et al., Realizing stable 
perovskite solar cells with efficiency exceeding 25.6% through 
crystallization kinetics and spatial orientation regulation. Adv. 
Mater. 36(25), 2313673 (2024). https:// doi. org/ 10. 1002/ adma. 
20231 3673

 26. D. Bi, C. Yi, J. Luo, J.-D. Décoppet, F. Zhang et al., Polymer-
templated nucleation and crystal growth of perovskite films for 
solar cells with efficiency greater than 21%. Nat. Energy 1(10), 
16142 (2016). https:// doi. org/ 10. 1038/ nener gy. 2016. 142

 27. Z. Xu, R. Chen, Y. Wu, R. He, J. Yin et al., Br-containing alkyl 
ammonium salt-enabled scalable fabrication of high-quality 
perovskite films for efficient and stable perovskite modules. J. 
Mater. Chem. A 7(47), 26849–26857 (2019). https:// doi. org/ 
10. 1039/ C9TA0 9101G

 28. D. Ma, J.-X. Zhong, X. Zhuang, C. Xu, W. Wang et al., Per-
ovskite grain fusion strategy via controlled methylamine gas 
release for efficient and stable formamide-based perovskite 
solar cells. Chem. Eng. J. 475, 146267 (2023). https:// doi. org/ 
10. 1016/j. cej. 2023. 146267

 29. T. Xiao, M. Hao, T. Duan, Y. Li, Y. Zhang et al., Elimination 
of grain surface concavities for improved perovskite thin-film 
interfaces. Nat. Energy 9(8), 999–1010 (2024). https:// doi. org/ 
10. 1038/ s41560- 024- 01567-x

 30. Q. Chen, H. Zhou, T.-B. Song, S. Luo, Z. Hong et al., Control-
lable self-induced passivation of hybrid lead iodide perovs-
kites toward high performance solar cells. Nano Lett. 14(7), 
4158–4163 (2014). https:// doi. org/ 10. 1021/ nl501 838y

 31. B.W. Park, N. Kedem, M. Kulbak, D.Y. Lee, W.S. Yang et al., 
Understanding how excess lead iodide precursor improves 
halide perovskite solar cell performance. Nat. Commun. 9(1), 
3301 (2018). https:// doi. org/ 10. 1038/ s41467- 018- 05583-w

 32. C. Liu, Y.-B. Cheng, Z. Ge, Understanding of perovskite crys-
tal growth and film formation in scalable deposition processes. 
Chem. Soc. Rev. 49(6), 1653–1687 (2020). https:// doi. org/ 10. 
1039/ C9CS0 0711C

 33. J. Tong, J. Gong, M. Hu, S.K. Yadavalli, Z. Dai et al., High-
performance methylammonium-free ideal-band-gap perovskite 
solar cells. Matter 4(4), 1365–1376 (2021). https:// doi. org/ 10. 
1016/j. matt. 2021. 01. 003

 34. Q. Chang, Y. Yun, K. Cao, W. Yao, X. Huang et al., Highly 
efficient and stable perovskite solar modules based on  FcPF6 
engineered spiro-OMeTAD hole transporting layer. Adv. 
Mater. 36(47), e2406296 (2024). https:// doi. org/ 10. 1002/ 
adma. 20240 6296

 35. A.R. Pininti, A.S. Subbiah, C. Deger, I. Yavuz, A. Prasetio 
et al., Resolving scaling issues in self-assembled monolayer-
based perovskite solar modules via additive engineering. Adv. 
Energy Mater. 15(7), 2403530 (2025). https:// doi. org/ 10. 1002/ 
aenm. 20240 3530

 36. J. Hong, Y. Wang, Y. Chen, X. Hu, G. Weng et al., Absolute 
electroluminescence imaging with distributed circuit mode-
ling: Excellent for solar-cell defect diagnosis. Prog. Photovolt. 
Res. Appl. 28(4), 295–306 (2020). https:// doi. org/ 10. 1002/ pip. 
3236

 37. B. Chen, J. Peng, H. Shen, T. Duong, D. Walter et al., Imaging 
spatial variations of optical bandgaps in perovskite solar cells. 
Adv. Energy Mater. 9(7), 1802790 (2019). https:// doi. org/ 10. 
1002/ aenm. 20180 2790

https://doi.org/10.1016/j.solmat.2019.03.022
https://doi.org/10.1016/j.solmat.2019.03.022
https://doi.org/10.1002/adma.202005410
https://doi.org/10.1002/anie.202319170
https://doi.org/10.1002/anie.202319170
https://doi.org/10.1021/acsaem.7b00300
https://doi.org/10.1021/acsaem.7b00300
https://doi.org/10.1021/acs.chemrev.8b00318
https://doi.org/10.1021/acs.chemrev.8b00318
https://doi.org/10.1002/aenm.201502104
https://doi.org/10.1021/jacs.6b06320
https://doi.org/10.1021/jacs.6b06320
https://doi.org/10.1088/0034-4885/47/4/002
https://doi.org/10.1002/solr.202100639
https://doi.org/10.1126/science.abh3884
https://doi.org/10.1039/C9QI00547A
https://doi.org/10.1039/C9QI00547A
https://doi.org/10.1002/anie.202112074
https://doi.org/10.1002/adma.202313673
https://doi.org/10.1002/adma.202313673
https://doi.org/10.1038/nenergy.2016.142
https://doi.org/10.1039/C9TA09101G
https://doi.org/10.1039/C9TA09101G
https://doi.org/10.1016/j.cej.2023.146267
https://doi.org/10.1016/j.cej.2023.146267
https://doi.org/10.1038/s41560-024-01567-x
https://doi.org/10.1038/s41560-024-01567-x
https://doi.org/10.1021/nl501838y
https://doi.org/10.1038/s41467-018-05583-w
https://doi.org/10.1039/C9CS00711C
https://doi.org/10.1039/C9CS00711C
https://doi.org/10.1016/j.matt.2021.01.003
https://doi.org/10.1016/j.matt.2021.01.003
https://doi.org/10.1002/adma.202406296
https://doi.org/10.1002/adma.202406296
https://doi.org/10.1002/aenm.202403530
https://doi.org/10.1002/aenm.202403530
https://doi.org/10.1002/pip.3236
https://doi.org/10.1002/pip.3236
https://doi.org/10.1002/aenm.201802790
https://doi.org/10.1002/aenm.201802790


Nano-Micro Lett.          (2025) 17:272  Page 15 of 15   272 

 38. C. Huang, S. Tan, B. Yu, Y. Li, J. Shi et al., Meniscus-mod-
ulated blade coating enables high-quality α-phase formami-
dinium lead triiodide crystals and efficient perovskite mini-
modules. Joule 8(9), 2539–2553 (2024). https:// doi. org/ 10. 
1016/j. joule. 2024. 06. 008

 39. W. Feng, X. Liu, G. Liu, G. Yang, Y. Fang et al., Blade-coating 
(100)-oriented α-FAPbI3 perovskite films via crystal surface 

energy regulation for efficient and stable inverted perovskite 
photovoltaics. Angew. Chem. Int. Ed. 63(39), e202403196 
(2024). https:// doi. org/ 10. 1002/ anie. 20240 3196

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.joule.2024.06.008
https://doi.org/10.1016/j.joule.2024.06.008
https://doi.org/10.1002/anie.202403196

	Modified Near-Infrared Annealing Enabled Rapid and Homogeneous Crystallization of Perovskite Films for Efficient Solar Modules
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Precursor Preparation and Devices Fabrications
	2.2.1 Precursor Preparation
	2.2.2 Devices Fabrications
	2.2.3 Modules Encapsulation

	2.3 Characterization

	3 Results and Discussion
	3.1 Uncovering the NIRA-Induced Peculiar Crystallization of Perovskite Films
	3.2 PbI2-modified Crystallization in NIRA for Improved Film Quality
	3.3 Application of NIRA for Efficient Perovskite Solar Modules

	4 Conclusions
	Acknowledgements 
	References


